Abstract Bacillus licheniformis strain SSA 61, originally isolated from Sambhar salt lake, was observed to grow even in the presence of 25 % salt stress. Osmoadaptive mechanisms of this halotolerant B. licheniformis strain SSA 61, for long-term survival and growth under salt stress, were determined. Proline was the preferentially accumulated compatible osmolyte. There was also increased accumulation of antioxidants ascorbic acid and glutathione. Among the different antioxidative enzymes assayed, superoxide dismutase played the most crucial role in defense against salt-induced stress in the organism. Adaptation to stress by the organism involved modulation of cellular physiology at various levels. There was enhanced expression of known proteins playing essential roles in stress adaptation, such as chaperones DnaK and GroEL, and general stress protein YfkM and polynucleotide phosphorylase/polyadenylase. Proteins involved in amino acid biosynthetic pathway, ribosome structure, and peptide elongation were also overexpressed. Salt stressinduced modulation of expression of enzymes involved in carbon metabolism was observed. There was up-regulation of a number of enzymes involved in generation of NADH and NADPH, indicating increased cellular demand for both energy and reducing power.
Introduction
Sambhar lake, India's largest inland salt lake is situated west of Jaipur, Rajasthan, and forms a vast saline wetland. It is one of the largest inland saline depressions in western desert of India and has been declared a Ramsar site (wetland of international importance) in 1990 due to its biological and biotic importance [19] . The total salt content of Sambhar lake brines was reported to range between 7 % and more than 30 % [31] . The main microflora observed have been Dunaliella sp. (green alga), certain cyanobacteria, photosynthetic purple bacteria, and halophilic archaebacteria [18, 31] ; forms of life higher than protozoa have not been reported.
Saline habitats like salt lakes, coastal lagoons, or manmade salterns are predominantly inhabited by prokaryotic microorganisms, especially bacteria, which have adapted to these ecosystems. Most bacteria are unable to grow in the extreme environments of high salinity as found in Sambhar lake. However, some bacteria are able to survive under these extreme environments. Gram-positive bacteria are well represented in saline habitats, and members of the genera Bacillus and Micrococcus are dominant among other Gram-positive bacteria in saline soils [20] .
Bacteria in these extreme environments are subject to fluctuations in salinity concentration due to alterations in soil moisture levels, and the microbes adapt themselves to changes in their environment by modulating their osmolyte concentration. These organisms also undergo physiological adaptations for better survival in the stressed environment. Osmoadaptive mechanisms in the halophilic bacteria have been extensively studied [28] . These prokaryotes possess physiologies adapted to a high saline environment and the intracellular machinery functions in presence of high salt. In contrast, the halotolerant bacteria grow well in the absence of salt; however, these are able to tolerate high salt concentrations. A number of physiological changes occur in a bacterium on exposure to salt stress such as increased uptake of potassium, accumulation of compatible osmolytes, and antioxidants, which enables it to adapt to growth under high salt concentration and to withstand adverse environmental conditions [16] . From a physiological point of view, the cellular adaptation and osmotic adjustment to stress are crucial factors that determine growth and survival of bacteria in the stressed environment. Stress responses are also characterized by induction/differential expression of general proteins involved in various metabolic pathways such as glycolysis, TCA cycle, and specific proteins involved in stress adaptation like chaperones DnaK and members of SigB regulon [25] . Antioxidative enzymes also play a crucial role in the survival of bacteria in the stressed environment [5] .
Comprehensive knowledge about the uptake and intracellular synthesis of compatible osmolytes and enzymes involved therein, and physiological proteomics in response to salt stress is available for Bacillus subtilis [16] ; however, limited information is available on the modulation of cellular physiologies for long-term adaptation to salt stress for Bacillus licheniformis. Shroeter et al. [27] have carried out in-depth proteomic and transcriptomic analysis on short-term response, for survival, of exponentially growing moderately halotolerant B. licheniformis on sudden exposure to salt stress over a time interval of 2 h. In the present investigation, we have allowed an extremely halotolerant B. licheniformis strain SSA 61 to grow in presence of salt stress, and made an effort to gain insight into the osmoadaptive mechanisms and long-term cellular adjustments occurring for survival and growth in presence of salt stress. Accumulation of compatible osmolytes and antioxidants, and up-regulation of cellular proteins under exposure to salt stress were investigated. An attempt was also made to identify the cellular proteins up-regulated under exposure to salt stress by B. licheniformis strain SSA 61. Oxidative stress is secondary stress response caused by the salt stress, hence, induction of antioxidative enzymes was also studied.
Materials and Methods

Effect of Salt on Growth
Salt-tolerant B. licheniformis strain SSA 61 (GenBank accession No. KF318306) isolated from Sambhar lake sediments was screened for tolerance to higher salt concentration in nutrient broth supplemented with 1 % glucose and NaCl concentration ranging from 5 to 25 %. Appropriate controls and three replications per treatment were maintained. The effect of salt on bacterial growth was determined by protein estimation by Lowry's method [22] .
Biochemical Characterization
Bacillus licheniformis strain SSA 61 was characterized for cell morphology, gram staining, spore formation, endospore production, and motility. It was biochemically characterized for oxidase, catalase, and urease activities; lipid, starch, gelatin and casein hydrolysis; carbohydrate fermentation test; ammonia production from peptone; indole and H 2 S production; nitrate reduction and citrate utilization as per standard methods [7] .
Accumulation of Compatible Osmolytes and Antioxidants
Bacillus licheniformis strain SSA 61 was grown in nutrient broth supplemented with 1 % glucose and 10 % NaCl on an incubator shaker at 30°C for 3 days. After incubation, the cells were pelleted and then lysed using 20 % TCA [15] . The supernatant obtained was analyzed for compatible osmolytes and antioxidants.
Intracellular amino acids were estimated by the method of Chen et al. [7] using ninhydrin reagent for color development. Proline was estimated by the method of Bates et al. [3] . Glycine betaine was measured by the method of Grieve and Grattan [12] . Reduction of dinitrophenylhydrazine by ascorbic acid to phenyl hydrazone in acidic medium was monitored at 530 nm using Perkin Elmer spectrophotometer, model Lambda E2201 for estimation of ascorbic acid [23] . Total glutathione in the supernatant was estimated by the method of Griffith [13] .
Antioxidative Enzymes
Bacillus licheniformis strain SSA 61 was grown in nutrient broth supplemented with 1 % glucose and 10 % NaCl on an incubator shaker at 30°C for 3 days. The cells were pelleted, resuspended in 5 ml of appropriate buffer, kept in an ice bath, and sonicated by giving total 10 strokes, each pulse of 30 s with gap of 45 s at output 80 using ultrasonicator model B. Braun Labsonic For superoxide dismutase (SOD), catalase, glutathione reductase, and peroxidase, 0.1 M phosphate buffer (pH 7.5) containing 0.5 mM EDTA was used. For ascorbate peroxidase, the above mentioned buffer was supplemented with 1 mM ascorbic acid.
SOD activity was assayed by the method of Dhindsa et al. [9] by monitoring the decrease in optical density at 560 nm due to inhibition of photochemical reduction of nitro-blue tetrazolium (NBT); 50 % decrease in absorbance as compared to a blank was expressed as one unit (U) of enzyme activity. Catalase activity was assayed by monitoring the decrease in optical density due to reduction of H 2 O 2 [2] . Enzyme activity was expressed in terms of amount of H 2 O 2 reduced/min/mg protein. Glutathione reductase activity was assayed by monitoring the increase in optical density at 412 nm [28] . The activity was expressed as D increase in absorbance/min/mg protein.
Peroxidase activity was assayed using orthodianisidine as a substrate and monitoring the increase in optical density [10] . U of enzyme activity was defined as the amount of enzyme, which caused a change in the absorbance of 0.1/ min (OD/min). Ascorbate peroxidase activity was assayed by monitoring the decrease in absorbance of ascorbic acid at 290 nm due to oxidation of ascorbic acid to monodehydroascorbic acid and dehydroascorbic acid [24] . Enzyme activity was expressed in terms of the amount of ascorbic acid oxidized/min/mg protein. Appropriate controls were maintained in all the enzyme assays.
SDS-PAGE
Bacillus licheniformis strain SSA 61 was grown in nutrient broth supplemented with 1 % glucose, and 10 % and 15 % NaCl on an incubator shaker at 30°C. The cells were lysed by sonication as described earlier. The whole-cell protein profiles were examined by SDS-PAGE (12 % polyacrylamide). Hundred ng of proteins of each sample along with unstained protein molecular marker (Fermentas, USA) was loaded on the gel and run on a midi gel electrophoresis at 100 V for 4 h and stained with Coomassie Brilliant Blue G 250 [21] .
LC-Tandem MS Analysis
The differentially expressed protein bands were excised and subjected to LC-MS/MS analysis. The coomassiestained gels were destained with a 1:1 mixture of 100 mM NH 3 HCO 3 :Acetonitrile. The proteins were then reduced ingel with tris-(2-carboxyethyl)-phosphine, alkylated with iodocetamide, and digested with trypsin (Sequence grade modified trypsin, 12.5 ng/lg; Promega, Madison, WI, USA). The resulting peptides were eluted from the gel pieces by extracting with equal parts 25 mM ammonium bicarbonate and acetonitrile, and then equal parts 5 % v/v formic acid and acetonitrile. The pooled extracts were concentrated on a centrifugal evaporator to an approximate volume of 2-5 lL. To the concentrated tryptic peptides, 15 lL of 5 % v/v formic acid was added, and the peptide samples were sequenced by data-dependent liquid chromatography (LC)-tandem mass spectrometry (MS/MS) with an LC Packings Nano HPLC system and an ABI Qstar XL Q-TOF mass spectrometer. The samples were loaded onto a reverse phase trap column (Acclaim PepMap 100 C 18 , 300 lm i.d. 9 15 mm length) using a programmed autosampler. The trap column was washed with 0.1 % formic acid in 95 % water/5 % acetonitrile for desalting at a flow rate of 30 lL/min. After 3 min, the 10-port switching valve changed position such that the nanoflow pump back-flushed the trap column, and the flow was directed to a capillary C 18 column (Acclaim PepMap 100 C 18 , 75 lm i.d. 9 15 cm length) at a flow rate of 250 nL/ min. For the LC separation, the mobile phases consisted of A (0.1 % v/v formic acid in 95 % water/5 % acetonitrile) and B (0.1 % formic acid in 90 % acetonitrile/10 % water). After switching the valve, the gradient program held the mobile phase at 0 % B for 3 min, followed first by a linear gradient to 20 % B over 2 min, and then second by a linear gradient to 75 % B over 25 min. A clean-up at 100 % B for 5 min and re-equilibration of the column at 0 % B for 35 min concluded each run. The capillary column was connected to a nanoflow electrospray ion source and a mass spectrometer which collected tandem mass spectra for the entire 70 min run.
For the MS/MS data analysis, each run was set to acquire a full scan between 100 and 2,000 m/z followed by three MS/MS scans between 75 and 2,000 m/z of the top three most intense ions from the preceding MS scan. To ensure that the same high-abundance ions were not continually analyzed, ions were set to be excluded from MS/ MS scans for 0.5 min after they were analyzed. LC-MS/ MS data were processed with Analyst QS software to generate a Mascot Generic File for Mascot search. The database searches were carried out allowing a 2.0 Da (monoisotopic) peptide mass tolerance and a 0.8 Da (monoisotopic) fragment ion mass tolerance. The peptide charge was set to 2. Variable modification for oxidation of methionine residues was included. An allowance was made for up to two missed cleavages by trypsin.
Results and Discussion
Sambhar is inland salt lake and its waters have been used for centuries to make salt. Such saline environments are inhabited mainly by halophilic eubacteria and archaebacteria [34] . The bacterial communities may also include halotolerant bacteria which have become adapted to these extreme environments. In the present investigation, the B. licheniformis strain SSA 61 was observed to be a halotolerant bacterium which had become adapted to the saline environment.
Biochemical and Growth Characterization
Bacillus licheniformis strain SSA 61 was characterized based on different biochemical tests. The organism was Gram-positive, rod shaped, spore former, motile, catalase, and oxidase positive (Table 1) . It was able to utilize dextrose and lactose with gas formation; however, no gas production was observed during utilization of sucrose. It was also able to utilize citrate. It was able to hydrolyze starch, casein, and lipids but was negative for other biochemical tests such as nitrate reduction, H 2 S, ammonia and indole production, urease activity, and gelatin hydrolysis.
Effect of Salt on Growth
The culture was able to grow at salt concentrations ranging from 5 to 25 %, however, it showed higher growth in the absence of salt (Fig. 1) . A decrease in bacterial growth was observed with an increase in salt concentration.
Accumulation of Compatible Osmolytes and Antioxidants
There was not much change in total amino acids accumulated under control conditions and when the culture was exposed to salt stress during growth (Table 2) , however, higher accumulation of proline and glycine betaine was observed under salt stress conditions. Although increased accumulation of glycine betaine (nearly 1.5 times) was observed under salt stress conditions, there was tremendous (nearly 5 times) increase in proline concentration within the bacterial cell, indicating it to be the preferential compatible osmolyte. Most of the halotolerant bacteria have evolved a number of adaptive processes, which help in osmotic adjustment for these to be able to survive such harsh conditions. To counterbalance osmotic difference, the salt-tolerant bacteria accumulate compatible solutes such as amino acids, proline, trehalose, and glycine betaine, which do not interfere with cell metabolism [28] . In B. licheniformis strain DSM 13 T and B. subtilis, accumulation of these organic solutes under salt stress was due to both de novo synthesis and uptake from the environment [16, 27] . In the present investigation, since a rich medium was used to grow B. licheniformis strain SSA 61, it could not be ascertained whether increased accumulation was due to increased uptake, de novo synthesis or both.
Nearly fourfold increase in antioxidants ascorbic acid and glutathione was also observed under salt stress. The non-enzymatic antioxidants ascorbic acid and glutathione are known to play an important role in overcoming environmental stresses [6] .
Induction of Antioxidative Enzymes
An increased induction of ascorbate peroxidase, glutathione reductase, and SOD activities was observed (Table 3) , when the culture was exposed to salt stress during growth, with the highest induction observed for SOD. However, SOD activity was not detected in cells grown under control conditions. Up-regulation of oxidative stress-related proteins during exposure to abiotic stresses such as salt stress has been previously reported for B. subtilis and B. cereus [8, 16] . Due to environmental stresses, there is a build-up of reactive oxygen intermediates, and under these conditions B. licheniformis has been observed to up-regulate SOD protein production [4, 32] . SOD enzyme plays a crucial role in defense against the toxic effects of reactive oxygen intermediates produced, by scavenging them.
There was a decrease in catalase and peroxidase enzyme activities under stress conditions.
Differential Protein Expression
In order to determine the changes in protein expression by the B. licheniformis strain SSA 61, we examined the protein profiles obtained under control conditions and after exposure to two levels of salt stress (10 and 15 %) during growth. The protein profile of the bacterium grown under 10 % salt stress conditions showed up-regulation of sixteen and down-regulation of four proteins ( Fig. 2 ; Table 4 ) as compared to control conditions. When the bacterium was grown under still higher salt stress of 15 %, there was upregulation of three more proteins (19 proteins in total) as compared to 10 % salt stress conditions. One protein present under control and 10 % salt stress conditions was absent when B. licheniformis strain SSA 61 was exposed to 15 % salt stress during growth. One protein was observed to be newly induced under 15 % salt stress. 
Protein Identification and Sequencing by LC-Tandem MS
The different protein bands showing considerable up-regulation when B. licheniformis strain SSA 61 was exposed to salt stress, during growth, were excised from 1-D SDS-PAGE and identified by LC-MS/MS analysis. All the overexpressed proteins shared highest identity with known and identified proteins from B. licheniformis strain ATCC 14580 in protein database. The identified proteins were classified into five metabolic groups. Among the four proteins involved in prokaryotic stress response, two proteins with chaperonic functions (molecular chaperone DnaK and chaperonin GroEL), one general stress protein * Mascot score, used in peptide mass fingerprinting, is a similarity score, which is a probability-based algorithm to estimate the significance of a match. Protein scores greater than 100 are considered significant ** MW is molecular weight and PI is isoelectric pH of protein *** Sequence coverage is the percentage of the database protein sequence covered by matching peptides. The larger the sequence coverage, the more certain is the identification of protein. Sequence coverage is calculated by dividing the number of amino acids observed by the protein amino acid length (YfkM), and one protein involved in defense against oxidative stress (iron/manganese-containing SOD) were identified (Table 5 ). Earlier observations on up-regulation of DnaK and GroEL proteins in B. licheniformis under salt stress conditions [27] also support our findings. During stress, there is an accumulation of abnormal or misfolded proteins in the cell due to denaturation and errors in biosynthesis. In response, the cell increases synthesis of molecular chaperones, which help in proper folding or refolding of proteins, and of proteases, which degrade the proteins that cannot be refolded [30] . These heat shock proteins, with chaperone like functions, are usually induced by multiple stresses and play an important role in withstanding and surviving stressful conditions by stabilizing proteins and thereby their functioning, during abiotic stresses such as salt, heat, cold, and osmotic stress [11] . YfkM is a SigB-regulated protein with probably endopeptidase activity, and may play an important role in degradation of misfolded and thereby non-functional proteins [1] . Along with observed increase in SOD activity, concomitant up-regulation of iron/manganese-containing SOD (SodA) protein, supported our observations. Even in B. licheniformis strain DSM 13 T , within 10 min of exposure to salt stress, there was up-regulation of SOD protein and up-regulation of this protein was also observed 2 h after exposure [26] .
Polynucleotide phosphorylase/polyadenylase involved in mRNA degradation in bacteria was also up-regulated. This enzyme degrades RNA from 3 0 to 5 0 and is a major component of Escherichia coli degradosomes [26] . It has been demonstrated to play an important role in cold and oxidative stress adaptation of bacteria [14] and could also be involved in salt stress adaptation. In E. coli, it has been reported to play an essential role in stress adaptation by selectively degrading mRNAs for stress response proteins to prevent overproduction of these proteins, which is deleterious to cells [33] .
Proteins implicated in amino acid biosynthetic pathways (aminotransferase class IV YjlD, ketol-acid reductoisomerase), pathway for production of biomolecules involved in nucleosides and amino acids biosynthesis (transketolase), formation of ribosomes (50S ribosomal protein L5), and peptide elongation (elongation factor G) were also up-regulated. All these proteins are involved in various steps of protein synthesis. De novo synthesis and up-regulation of expression of certain stress responsive proteins are essential for successful adaptation to environmental stresses [17] .
Up-regulation of enzymes involved in carbohydrate and lipid metabolism during growth under salt stress was also observed. Many proteins identified were enzymes involved in either glycolysis (glyceraldehyde-3-phosphate dehydrogenase, phosphopyruvate hydratase) or TCA (aconitate hydratase, isocitrate dehydrogenase, succinyl-CoA synthetase, and alpha-ketoglutarate) pathways. Many among these and other enzymes up-regulated were involved in reducing power (NADH/NADPH) generation (glyceraldehyde-3-phosphate dehydrogenase, isocitrate dehydrogenase, succinyl-CoA synthetase, ketol-acid reductoisomerase, glycerol dehydrogenase, and iron-containing alcohol dehydrogenase). While NADH is a source of ATP through oxidative phosphorylation, NADPH is an important source of reducing power for antioxidative enzymes [18] . This indicated that during growth there was increased cellular requirement of ATP and reducing power for successful adaptation of the microbe to environmental stress. This was also evident from the fact that under control conditions there was not much difference in growth obtained in presence/absence of glucose in the medium. However, when exposed to salt stress, the bacterium showed better growth in presence of glucose and with an increase in salt concentration, this gap further widened. (Supplementary  Fig. 1 ).
Conclusions
Bacillus licheniformis strain SSA 61 was grown in presence of salt (10 and 15 %) and long-term adaptation to salt stress by this microbe, isolated from Sambhar lake sediment, involved modulation of cellular physiology at various levels. There was increased accumulation of compatible osmolytes, antioxidants, and induction of antioxidative enzymes. Up-regulation of chaperones DnaK and GroEL, general stress protein YfkM and polynucleotide phosphorylase/polyadenylase indicated their involvement in cellular adaptation to salt stress. Enzymes involved in biosynthesis of amino acids, ribosome assembly, and peptide elongation were highly expressed. Enzymes of both glycolysis and TCA pathways were highly up-regulated along with certain other enzymes involved in generation of NADH and NADPH, indicating increased cellular demand for both energy and reducing power during growth in presence of salt stress.
